SUMMARY: A bacteriological and histological study was made of the sequence of events in unprotected and protected mice, after intracranial challenge with Bordetella pertussis. No difference in the results was obtained whether mice were injected through the parietal bone or through the foramen magnum. Injected material was distributed throughout the subarachnoid space and ventricles. In unprotected mice organisms multiplied continuously until death. Bacterial multiplication was limited to the cranial cavity, in which it was practically confined to the ciliated layer over the ependyma. There was no invasion of the brain substance. The histological changes in the brain included purulent meningitis, choroiditis, polymorphonuclear infiltration of perivascular spaces and cerebral substance, haemorrhages, hydrocephalus and necrosis of nerve cells. In protected mice there was a brief initial multiplication of organisms and then their rapid elimination. Histologically the brains of immune mice after challenge were characterized by an intense mononuclear-cell response, which persisted for 2-3 weeks, subsiding slowly during the following 10 weeks.
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Method of chalZenge. Kendrick, and many investigators since, injected the challenge dose into the brain through the parietal bone. We found it economical of time and animals to inject through the foramen magnum. The mice were lightly anaesthetized with ether and placed prone on a convenient flat surface. The head was grasped between finger and thumb of the left hand, and, while being kept horizontal, was raised about a centimetre off the table. Injection was made with a 1 ml. tuberculin syringe carrying a half-inch 20-gauge needle which was inserted forwards and slightly downwards into the foramen magnum at an angle of about 30' above the horizontal. Forward progression of the needle was stopped immediately a slight 'give' was felt, by which the entry of the needle tip into the cisterna magna was detected. The injected volume was 0.05 ml., containing 5000 organisms.
Few deaths resulted from this procedure. Occasionally mice were killed immediately or died in the next few days with obvious signs of brain damage, such as rolling and twisting movements. Mice which died up to the fourth day after injection were excluded from the test, since their death was considered to be due to the trauma of injection.
BucteriaZ counts. At intervals after injection, animals were killed by traction on the neck, their organs removed aseptically and ground in a Potter mill with saline. Single brains were ground in 5 ml. saline, pooled groups of 5 brains in 15 ml., livers in 2 ml. and spleen and lung in 1 ml. Blood was obtained from the right ventricle. Cranial washings were obtained by flushing out the cranial cavity with 0.25 ml. saline after removal of the brain.
Serial tenfold dilutions of the above-named materials were made in saline and 0.02 ml. drops from a standard dropper plated on Bordet-Gengou medium within 5 min. of making the dilutions. Each specimen was plated in triplicate. After incubation at 37' for 4 days, the number of colonies was counted, and the number of organisms/0*02 ml. drop calculated.
Histological methods. Animals were killed by decapitation at intervals after injection of virulent bacterial suspensions or, in controls, of equal volumes of broth saline. Tissues were fixed in 10 yo (v/v) commercial formalin in 0-85 Yo saline kept over marble chips, or in Zenker-formol and embedded in paraffinwax.
Sections were stained with Celestin blue-haemalum-azophloxine and Giemsa ; and, when required, with Loyez's haematoxylin, Mallory 's phosphotungstic acid-haematoxylin, Mallory 's trichrome, acid picro-Mallory, Gomori's reticulin method, Pickworth's benzidine stain, Pearse's periodic acid-Schiff trichrome (Pearse, 1953) or copper phthalocyanin-neutral red (Pearse, 1956 ). Formalin-fixed frozen sections were stained with Fettrot 7 B-haemalum (Pearse, 1953) . For certain studies frozen sections of adrenal glands were stained for acid and alkaline phosphatase and non-specific esterase (Pearse, 1953) and for succinic dehydrogenase by the method of Pearson & Defendi (1954) with added cyanide (Rosa & Velardo, 1954) .
Distribution of the injected material. Since it was not possible to study by standard cultural or histological methods the distribution of the small bacterial inoculum used (see below), it was necessary to use instead indian ink (diluted 1/4 with saline) or dense suspensions of stained organisms. These were injected in 0.05 ml. volumes and the animals immediately killed. The heads were skinned, fixed and decalcified. Some were sliced by hand with a razor and examined with a stereoscopic microscope; others were examined in paraffin or frozen section.
Investigation of the blood-brain barrier. The animals used in this experiment were either uninfected controls or mice which had been injected with 5000 Bordetella pertussis organisms via the foramen magnum 6 days previously.
Radio-iodinated human serum albumin (from the Radiochemical Centre, Amersham) having a specific activity a t the time of use of 25pC./mg. was diluted in normal saline so that 1 ml. contained 200-300 pC. Mice were injected with 0.1 ml. intraperitoneally and killed a t intervals and the radioactivity of the serum and brains measured by using a type M 6H liquid counter. The brains were homogenized in normal sodium hydroxide for this purpose.
RESULTS
With the exception of those animals which suffered significant immediate brain trauma, mice challenged intracranially recovered rapidly and appeared well until the 4th or 5th day. A progressive illness then began, in which the mice became lethargic and dehydrated. Terminally they showed signs of meningeal irritation and brain damage, such as hyperextension of the neck, excessively violent motor activity when disturbed, rolling and twisting movements and running movements made with the legs in the air. In a typical experiment deaths began on the 6th day and all mice were dead by the 8th day. Inaccuracies in the challenge dose caused some variation ; sometimes deaths began on the 5th day and on other occasions not all mice were dead until the loth day after challenge. Mice which had been effectively immunized showed no evidence of illness.
Distribution of the injected material
Indian ink or stained bacteria injected through the foramen magnum were distributed throughout the subarachnoid space and ventricles. Material accumulated especially on the ventral aspect of the brain, and here a little penetrated along a few perivascular spaces into the cerebrum and hypothalamus; some also passed along the sheaths of the second and eighth nerves up to the eyeball and inner ear, respectively. Injected material was also seen in the diploic and dural venous sinuses and in the veins of the nasal septum and turbinates. Distribution was similar when material was injected through the parietal bone, except that the lateral ventricle on the side of the injection contained much more material than did the contralateral ventricle.
Histological changes in unprotected mice
Brain. Twenty-four hours after injection of the challenge dose there was a polymorph reaction in the meninges, especially at the base of the brain and in the choroid plexuses. The latter showed polymorphs crowding the vessels,
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infiltrating the connective tissue stroma and occasionally migrating between the epithelial cells. Organisms were not found. In controls injected with broth saline the picture was indistinguishable from that described above, which therefore seems to be a reaction to the suspending medium.
Two days after injection appearances had not changed significantly, except that scanty organisms might be found lying on the ependyma of the lateral and third ventricles (Pl. 1, fig. 1 ). In the controls the only abnormality was an occasional polymorp h in the interstitial tissue of the choroid plexuses.
On the 3rd day the choroid plexuses were crowded with polymorphs. Many polymorphs lay free in the ventricles and there was a moderately dense polymorph exudate in the basal meninges (Pl. 2, fig. 8 ). Vessels in the thalamus and hypothalamus and around the lateral ventricles were cuffed by polymorphs, a few of which had invaded the cerebral substance (Pl. 1, fig. 3 ). Some clusters of organisms were seen, mainly in the supra-optic recess of the third ventricle, where they lay on the ependyma. A few cells in the lateral ventricular choroid plexuses (one or two/section) had engulfed groups of organisms. The brains of controls were now quite normal in appearance, and remained so for the rest of the experiment.
On the 4th day polymorph infiltration was more marked. Occasional brains showed a few small haemorrhages in the thalamus and hypothalamus, and slight dilatation of the ventricles. Many clumps of organisms were present in the ventricles, mainly entangled in the ependymal cilia (Pl. 1, fig. P ), but some were seen within ependymal cells.
On the 5th day haemorrhages were seen in all the brains examined, most frequently in the hypothalamus, thalamus, hippocampus, cerebellum, corpus callosum, tapetum and the deepest layers of the cerebral cortex (Pl. 1, fig. 6 ). These haemorrhages were generally ball-shaped, although they were sometimes elongated in the direction of a fibre-tract and sometimes evidently related to a small vessel. Hydrocephalus was seen more frequently, and in some brains there was necrosis and loss of nerve cells in the pyramidal cell layer of the hippocampus and the granular layer of the cerebellar cortex (Pl. 1, fig. 5 ) .
On the 6th day the ventricles in all brains were distended by purulent fluid (Pl. 1, fig. 6 ), and there was extensive polymorph invasion of the brain substance, which appeared to be undergoing liquefaction necrosis in places, especially around the ventricles. Necrosis of nerve cells in the hippocampus was seen more often, and in some brains the epithelium of the lateral ventricular choroid plexuses was stretched over underlying collections of polymorphs. There were enormous numbers of organisms in the ventricles, forming a thick and continuous layer on the ependyma and lying in the ventricular cavity, either free or engulfed by polymorphs (Pl. 2, fig. 7 ). Smaller numbers were adherent to the epithelium of the choroid plexuses, and very few organisms were seen in the meninges. Prolonged search revealed occasional bacteria in perivascular spaces near the ventricles or the surface of the brain, but no organisms were ever seen within the cerebral substance.
On succeeding days the lesions increased in severity, the brain being riddled with haemorrhages and infiltrated with polymorphs, the ventricles coated with organisms and distended with pus and the meninges and choroid plexuses grossly inflamed.
Lesions made by the needle during injection were seen in the pons, medulla or cerebellum of some of the brains injected via the foramen magnum and in the cerebrum of all the brains injected via the parietal bone. Such lesions were characterized by local haemorrhage and proliferation of glial cells. No bacteria were found in these areas. Apart from the situation of the needle track, no consistent difference was noted between mice injected through the foramen magnum and those injected through the parietal bone. The incidence of these changes is recorded in Table 1 . ... Adrenal glands. One or two days after the injection of either the challenge dose or broth saline, there was slight to moderate lipid depletion affecting the outer zona fasciculata. Lipid distribution returned to normal by the third day and remained so in control mice. In challenged mice there was, on the 5th day, a sudden and marked depletion of lipid in the outer fasciculata, which increased on subsequent days until by the 7th and 8th day only small areas of the zona glomerulosa and of the innermost part of the cortex retained lipid. Staining for succinic dehydrogenase, non-specific esterase and acid phosphatase showed increased amounts of all three in the cortex, as compared with controls. (In the test for alkaline phosphatase non-specific staining prevented assessment of the results.) It may be concluded that, in the terminal stages of the illness, there was also increased activity of the adrenal cortex. That there was also increased activity of the medulla is shown by the appearance here of a few mitotic figures on the 7th and 8th days.
Other Organs. The only finding of note was terminal fatty change in the liver and atrophy of the lymphoid follicles of the spleen. The lungs, heart, kidneys and pancreas were normal.
Histological changes in protected mice
One day after challenge there was a cellular reaction in the meninges, equal in intensity to that occurring in unprotected mice. It consisted predominantly of polymorphs, but a few lymphocytes and large mononuclear cells were also present. The cellular reaction did not subside, but became M . C. Berenbaum, J . Ungar and W. K . Stevens increasingly mononuclear until, by the 5th day, mononuclear cells predominated. The cells were mainly lymphocytes, with some large mononuclear cells, arachnoidal cells and polymorphs. By the 6th day there was an intense mononuclear cell infiltration of the meninges (Pl. 2, fig. 8 ) and, in some brains, of the choroid plexuses. Perivascular cuffing with mononuclear cells was also seen (Pl. 9, fig. 9 ). The exudate now included numerous immature and mature plasma cells, some of which were binucleate (Pl. 2, fig. 10 ). Local multiplication of cells was shown by the occasional mitotic figure (Pl. 2, fig 11) .
Small granulomata were formed, superficial or deep to the lining of the fourth ventricle and in the choroid plexuses. They were composed of lymphocytes, large mononuclear cells and some cells resembling the epithelioid cells of tuberculosis (Pl. 2, fig. 12 ). This reaction persisted for approximately 2-3 weeks after challenge and then slowly subsided. Six weeks after challenge there was still moderate cellular infiltration of the meninges and choroid plexuses, and there might be persisting granulomata and vascular cuffing with lymphocytes. At 13 weeks after challenge there was still some excess of lymphocytes, large mononuclear cells and plasma cells in the meninges and choroid plexuses. Organisms were seen only on the 4th and 5th days after injection. These were very few, mainly lying on the ependyma, occasional organisms lying within polymorphs.
Bacterial growth in unprotected mice
A t 1 min, 1 hr or 24 hr. after injection of 5000 organisms, none could be cultured from the brain, blood, lungs or spleen, neither was it possible to trace such a small number by conventional histological methods. This lagphase ended after 24 hr. and by 48 hr. after challenge rapid multiplication had occurred, about 1 x lo6 organisms being recovered from each brain. Growth tended to level off after the fifth day a t between 1 x lo8 and 1 x loQ organisms/ brain. Fig. 1 shows a typical set of brain counts. Repeated examinations showed that, with this challenge dose, no bacteria could be detected throughout the course of the infection in the blood, lung, spleen or liver, even in the terminal stages, and growth appeared to be limited to the cranial cavity. The numbers of organisms recovered by washing out the cranial cavity after removal of the brain amounted to 0.1-1*0 yo of those in the brain, Since the experiments with indian ink or stained bacteria showed that some of the injected material entered the blood stream, mice were injected with 100 x 106 organisms and organs cultured 1 hr later. It was found that small numbers of organisms could be cultured from the spleen, lung and heart blood, but that these together accounted for less than 1 yo of those recovered, the vast majority being found in the brain. Fig. 2 compares the changes found in a typical experiment in which unprotected and protected mice were injected with the same suspension. I n protected mice, multiplication occurred after the first 24 hr. although at a lower rate than in unprotected mice. Multiplication reached its height on the Fig. 1 . Number of organismsfirain after injection of 5000 organisms through the foramen magnum. Five brains were examined daily (two rejected on 3rd day and one on 7th day because of contamination). Fig. 2 . Number of organismsfirain after injection of 5,000 organisms intracranially in unprotected and protected mice (average of 3 brains daily). ~ , Injected via foramen magnum ; -----, injected via parietal bone. 6,336 6.1 Note: The infected mice were smaller than the controls owing to impaired growth following the infection. Consequently the serum levels of radioactivity are higher in these mice, since all mice were given the same dose of labelled protein.
Bacterial growth in protected mice
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4th or 5th day, levels ranging from 50,000 to 7 x 106 organismslbrain. After this the organisms were eliminated; and this process took from 1 to five days. There was no striking difference in counts between animals injected intracerebrally and those injected through the foramen magnum.
Changes in the blood-brain barrier One possible cause of the hydrocephalus which was such a striking feature in the brains of mice dying from the infection was an increased permeability of the blood-brain barrier. In Table 2 the results of two representative experiments are given which suggest that this did occur. Four hr. after injecting a labelled protein intraperitoneally the ratio of radioactivity in the brain to that in the serum was significantly higher in mice in the final stages of the infection.
DISCUSSION
This investigation was undertaken to study the sequence of changes in unprotected mice after intracranial challenge with Bordetella pertussis and to elucidate the cause of death. Subsequently we wished to show how these changes differed from those observed in immunized mice and thereby to throw some light on the nature of their immunity. When mice were challenged intracranially, the bacteria were distributed throughout the subarachnoid space and ventricles; although some entered the blood stream, they did not multiply outside the cranial cavity. After a period during which the injected organisms effectively ' disappeared ', they began to multiply in the ventricular fluid and went on multiplying, although a t a steadily decreasing rate, until the death of the animal. Multiplication was confined to the ventricles and there was no invasion of the cerebral substance.
There was a striking localization of the bacteria to the cilia of the ventricles. This is reminiscent of that seen in the work of Arnheim (1903) and of Mallory & Hornor (1912) , who showed that in human cases of pertussis the bacteria were mainly found among the bronchial and tracheal cilia. A similar localization was found in experimental pertussis of puppies (Mallory, Hornor & Henderson, 1913) , monkeys (Sauer & Hambrecht, 1929; Sprunt, Martin & McDearman, 1938) and mice (Burnet & Timmins, 1937) . Gallavan & Goodpasture (1937) showed that in chick embryos infected with Bordetella pertussis the organism grew among the cilia of the respiratory tract and of the transiently ciliated pharynx and oesophagus. The reason for this characteristic localization on ciliated epithelium is not a t present clear.
Associated with bacterial multiplication was a steadily progressing purulent meningitis and choroiditis, with involvement of the perivascular spaces and the brain parenchyma. Similar appearances were noted in guinea-pigs after intracerebral injection of pertussis endotoxin by Fonteyne & Dagnelie (1932) . The haemorrhages, which were a conspicuous feature, suggest vascular damage by a toxic component of the bacteria or perhaps by the products of tissue break-down.
Many factors probably go to cause the hydrocephalus. Ventricular obstruc-tion by pus cells is one. The experiments in which radio-iodinated human serum albumin was injected showed an increased permeability of the blood-brain barrier in the terminal stage of the infection, perhaps due to release of bacterial endotoxin (Eckman, King & Brunson, 1958) . Severe inflammation of the choroid plexuses, with impairment of the blood-cerebrospinal fluid barrier, was probably also a contributing factor. It would seem, then, that the most likely cause of death in unprotected mice is a progressive cerebral infection with increasing brain damage. I n immunized mice, on the other hand, although there is some multiplication of organisms, this is rapidly brought to a stop and the organisms are eliminated. Fig. 1 . A cluster of BonfeteZZu pertussis in the supra-optic recess of the third ventricle. Two days after inoculation. Giemsa ; x 2000. Fig. 2 . Polymorphonuclear exudate in the basal meninges. Three days after inoculation.
x 650. Fig. 3 . Polymorphs cuffing vessels and invading the brain substance in the hypothalamus.
Three days after inoculation. x 400. Fig. 4 . B. pertussis entangled in the ependymal cilia. Four days after inoculation. Giemsa ; x 1775. 
